To assess the stenotic coronary artery diameter in systole and end-diastole by coronary CT angiography and to evaluate the change in diameter according to heart rate and calcium score. Materials and Methods: Twenty-seven patients with coronary artery stenosis that underwent a coronary CT angiography and invasive coronary angiography were enrolled in the study. We assessed the percentage of diameter change in the stenotic coronary artery between the systolic and end-diastolic phase and evaluated its relationship with heart rate or Agatston score using a linear regression analysis. Results: The mean difference in the change of vessel diameter was 12.9% for a heart rate of 50-59 beats/min (bpm), 11.3% for 60-69 bpm, 10% for 70-79 bpm, 20% for 80-89 bpm, 13% for 90-99 bpm, and 6.7% for 100-109 bpm, none of which were statistically significant (p = 0.760). For the Agatston score, the mean difference in the change of vessel diameter was 8.3% for a score < 100, 12.4% for 100-400, and 20% for > 400. The relationship between the change in diameter and Agatston score was statistically significant (p = 0.004).
INTRODUCTION
Dual source computed tomography (DSCT) has provided the best image on coronary CT angiography (CCTA) in order to achieve high diagnostic accuracy for coronary artery stenosis (1) (2) (3) (4) . With recent technical developments, there were no significant differences in image quality or diagnostic performance among different heart rate frequencies when an adaptive electrocardiography (ECG)-pulsing algorithm used. However, a trend toward increased false positives in patients with low calcium scores (Agatston score < 100) or heart rate variability of more than 10 was still observed (5) (6) (7) (8) . Indeed, if we obtain a poor image for assessing the stenotic coronary artery on the diastolic phase of CCTA because of high heart rate or high calcium score, we often hesitate to re-check the CCTA after the heart rate has decreased, or select a proper systolic phase for evaluating the stenotic coronary artery if we cannot perform CCTA again.
Recently, several papers have focused on the diagnostic accuracy of coronary artery stenosis or image quality of the coronary artery on CCTA based on an invasive coronary angiography (ICA) in the diastolic phase (2, 4, 5) . If the best image for coronary artery stenosis is obtained on the systolic phase, we should compare the same stenotic portion of coronary vessel in rection. Non-contrast CT scans were obtained with a collimation of 0.6-mm thickness; rotation time of 0.33 msec; tube voltage of 100 or 120 kV; tube current of 100 mAs per rotation on both tubes; and pitch of 0.3-0.39 (depending on heart rate). The scan time was 5.7-8.1 seconds for a single breath hold.
CCTA was used with a tri-phasic injection protocol. Bolus tracking was performed in the ascending aorta, with an additional scan delay of 7 seconds used for timing. In the first phase, a 50-60 mL bolus of 370 mg/mL iopromide contrast media (Ultravist; Schering, Erlangen, Germany) was injected into an antecubital vein at a flow rate of 4-5 mL/s. In the second phase, 50 mL of mixed contrast agent and saline (7 : 3 or 6 : 4) was injected at the same flow rate, followed by a 40 mL saline chasing bolus administered using an autoinjector (Stellant; Medrad, Warrendale, PA, USA). The patient held his/her breath at mild inspiration. The mean scan time was 10 seconds (range 7-12 seconds). The tube voltage was 100-120 kVp for both tubes.
Height and weight of all patients were measured and BMI was calculated. If BMI was standard or lower, 100 kVp was used, and if BMI was above standard, 120 kVp was used. The current was between 30% and 80% of the cardiac cycle if the heart rate was less than 90 beats per minute (bpm). The current was full between 10% and 100% of the cardiac cycle if the heart rate was more than 90 bpm, because good images could be obtained at the systolic phase for the majority of patients with a fast heart beat. The gantry rotation time was 0.33 seconds, and the pitch was 0.3-0.4, depending on heart rate. Using a medium soft-tissue convolution kernel and a mono-segment reconstruction algorithm that uses data from quarter rotations of both detectors, 1-mm axial images were reconstructed for the entire cardiac cycle, with reconstruction intervals obtained in 10% steps.
ECG-pulsing was applied for radiation dose reduction in all patients.
A retrospective gating technique was used to synchronize the data reconstruction with the ECG signal. A mono-segment reconstruction algorithm that uses the data from 1/4 rotation of both detectors was used for image reconstruction. In each patient, images were reconstructed at 70-75% of the RR interval for diastolic images and 30-35% of the RR interval for systolic images. If considered necessary, additional images were reconstructed in 5% steps of the RR interval.
For CCTA, images were reconstructed from the contrast-ensystolic phase on CCTA with the diastolic phase on ICA. For this reason, it is important to understand changes in the stenotic coronary vessel using DSCT during diastole and systole at the same stenotic site with respect to heart rate and calcium score.
This study was designed to assess the difference in diameter of the stenotic coronary artery between the in-systolic and end-diastolic phase on CCTA according to heart rate and calcium score.
We also evaluated the diagnostic accuracy of CCTA for coronary artery stenosis during systolic and end-diastolic phase base by comparing it with invasive ICA as a reference value.
MATERIALS AND METHODS

Study Population
This study was performed prospectively with the approval of the institutional ethics committee at our institution. Written in- hyperthyroidism, any circumstances that would not allow the patient to lie in the supine position or patients who had inserted coronary stents or who had undergone previous bypass surgery, were excluded from the study. In addition, image quality of a stenotic coronary segment that was assessed for moderate artifacts with diagnostic or severe artifacts impairing the accurate evaluation on CCTA, was excluded.
DSCT-Calcium Scoring and Coronary CT Angiography
All CT examinations were performed on a DSCT scanner (Somatom Definition, Siemens Medical Solutions, Forchheim, Germany). The patients were centrally placed in the scanner to ensure that the entire heart was covered by the smaller field-ofview of the second tube detector array. No beta-blockers were administered prior to scanning. Non-enhanced DSCT for calcium scoring was performed from 1 cm below the level of the tracheal bifurcation to the diaphragm in the cranio-caudal di-patients were divided into cardiac contraction of the end-diastolic and systolic phase as well as for mean heart rate of ≤ 80 bpm and > 80 bpm.
Invasive Coronary Angiography (ICA)
ICA was performed according to standard techniques, and multiple views were stored on a CD-ROM. One experienced cardiologist who was blinded to the results of the CCTA evaluated the angiograms. Coronary artery segments were defined according to the guidelines described above (9) . Each vessel segment was scored as being significantly stenosed, which was defined as a diameter reduction of > 50%. A coronary artery analysis was performed in all vessels with a luminal diameter of at least 1.5 mm, excluding vessels distal to complete occlusions.
The narrowest stenotic area at the end-diastolic phase was selected. The diameter was measured three times continuously to get an average value at the most stenotic area and the mean value of the stenotic vessel's diameter was calculated (10).
Statistical Analyses
Statistical analyses were performed using commercially available software (SPSS 12.0, SPSS, Chicago, IL, USA). We evaluated the percent difference in the stenotic coronary artery between systolic and end-diastolic phases with respect to heart rate or calcium score and correlated the diagnostic accuracy with heart rate in the end-diastolic phase using a linear regression analysis. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV), and accuracy on a pervessel basis of CCTA in diastole in terms of the heart rate or Agatston score were calculated using the Chi-square test for contingency. The ICA findings were considered the standard of reference. A correlation between the degree of coronary artery stenosis on DSCT and ICA was evaluated by Pearson's correlation analysis depending on overall end-diastolic phase, heart rate ≤ 80 bpm, and heart rate > 80 bpm.
RESULTS
The clinical characteristics of the enrolled patients are summarized in Table 1 . ICA demonstrated coronary artery stenosis in all patients. Among all of the coronary arteries, 51 vessels (62.9%) had stenoses. Among the vessels with a stenosis, 23 hanced DSCT scans with a slice thickness of 0.75 mm, a reconstruction increment of 0.5 mm, and using a medium soft-tissue convolution kernel (B26f). Depending on each patient' s anatomy, the reconstructed field-of-view (FOV) was adjusted to exactly encompass the heart (mean FOV, 167 ± 19 mm; range, 131-187 mm; image matrix, 512 × 512 pixels). After the patient was removed and the ECG information was obtained, all reconstructed images were transferred to a dedicated workstation (Wizard, Siemens Medical Solutions, Forchheim, Germany) equipped with dedicated cardiac post-processing software (Syngo Circulation, Siemens Medical Solutions, Forchheim, Germany).
Data Analyses
For analysis of CCTA data, the coronary arteries were segmented according to the guidelines of the American Heart Association (10) as follows. All segments with a diameter of at least 1.5 mm at the origin were included. Image quality of a stenotic coronary segment was assessed semiquantitatively on a fourpoint ranking scale by one radiologist as follows: 1, excellent (no artifacts); 2, good (minor artifacts); 3, adequate (moderate artifacts, diagnostic), and 4, not assessable (severe artifacts impairing accurate evaluation). The mean Agatston score was calculated for each patient using a semi-automated software (Syngo Calcium Scoring, Siemens Medical Solutions, Forchheim, Germany). Diameter measurements were performed using an electronic caliper by one radiologist. All reconstructed images were simultaneously evaluated by two radiologists using axial source images, multi-planar reformations, maximum intensity projections, and volume rendering on a per-segment basis. All of the coronary artery segments were assessed for the presence of hemodynamically significant stenoses. Significant stenosis was defined as narrowing of the coronary luminal diameter that exceeded 50%. The diameter of the stenotic vessel diameters was measured perpendicular to the vessel course. For the initial measurement, the narrowest stenotic area at the same site in systolic and end-diastolic phase was selected. The diameter was measured three times continuously to get an average value at the most stenotic area and the mean value of the stenotic vessel' s diameter was calculated. The percentage of diameter change in stenotic coronary artery was calculated as: [(diameter of stenotic portion in diastole -diameter of stenotic portion in systole) ÷ diameter of stenotic portion in diastole] × 100%. In a sub-analysis, (p < 0.001) determined during the diastolic phase. The correlation between the use of ICA and DSCT was 0.867 (p < 0.001) for a heart rate ≤ 80 bpm, and 0.817 (p < 0.001) and for a heart rate > 80 bpm, both determined during the diastolic phase (Fig. 2) .
The mean Agatston score was 238.5 ± 196.2 and the mean difference in the stenotic coronary artery diameter between systole and end-diastole according to calcium score was 8.3% for less than 100, 12.4% for 100-400, and 20% for ≥ 400 (Figs. 3-5 ).
There was a significant correlation between the diameter change of the stenotic portion of the coronary artery and Agatston score (r = 0.942, p = 0.004).
In patients with calcium scores < 100, sensitivity, specificity, PPV, NPV, and accuracy on a per-vessel basis were 97.3%, 97.9%, 88.8%, 99.0%, and 97.6%, respectively. These measurements were 96.6%, 95.3%, 82.6%, 95.2%, and 94.1%, respectively in patients with calcium scores between 100 and 400; and 90.3%, 91.2%, 81.7%, 90.7%, and 88.2%, respectively in patients with calcium scores of > 400.
DISCUSSION
High calcium burdens make it difficult to diagnose the coro-(45.0%) were significantly stenosed, which is defined as having a diameter reduction ≥ 50%.
Image quality of stenotic coronary segments, assessed semiquantitatively, was excellent (mean score, 1.2 ± 0.6). The mean difference in the stenotic coronary artery diameter between systole and end-diastole according to heart rate was 12.9% for < 60 bpm, 11.3% for 60-69 bpm, 10.0% for 70-79 bpm, 20.0% for 80-89 bpm, 13.0% for 90-99 bpm, and 6.7% for ≥ 100 bpm. The stenotic site of the coronary arteries in the systolic phase was narrower than in the diastolic phase. However, there was no statistically significant correlation between the diameter change for the stenotic portion of coronary artery and heart rate (r = -0.198, p = 0.760) (Fig. 1) .
The overall sensitivity, specificity, PPV, NPV, and accuracy on a per-vessel basis of CCTA determined during diastole were 100%, 84%, 87%, 100%, and 92%, respectively. For a heart rate ≤ 80 bpm (n = 26, 50.9%), the sensitivity, specificity, PPV, NPV, and accuracy of CCTA determined during diastole were 100%, 88%, 83%, 100%, and 92%, respectively. For a heart rate > 80 bpm (n = 25, 49.1%), these values were 100%, 78%, 89%, 100%, and 92%, respectively.
The correlation between the use of ICA and DSCT was 0.805 A 65-year-old man diagnosed with unstable angina (heart rate of 62 bpm and Agatston score of 40). A, B. On coronary CT angiography, there is diffuse, moderate stenosis with a plaque in the diastolic phase and diffuse, severe stenosis with a plaque at the middle RCA in the systolic phase. The difference in stenotic coronary vessel diameter between the systolic and diastolic phase was 5%. C. Invasive coronary angiography shows diffuse, moderate stenosis (50%) at the middle RCA. Note.-RCA = right coronary artery Fig. 3 . A 69-year-old man who had chest pain (heart rate of 65 bpm and Agatston score of 345). A, B. On coronary CT angiography, there is diffuse, severe stenosis with mixed plaque at the proximal LAD in the diastolic phase and had tight stenosis in the systolic phase. The difference in the stenotic coronary vessel diameter between systolic and diastolic phase was 15%. C. Invasive coronary angiography shows diffuse, moderate stenosis (70-80%) at the proximal LAD. Note.-LAD = left anterior descending artery Fig. 4 . A 76-year-old woman diagnosed with stable angina (heart rate of 69 bpm and Agatston score of 2429.7). A, B. On coronary CT angiography, there is diffuse, moderate to severe stenosis with calcified plaque at the proximal LCX in the diastolic phase and had severe to tight stenosis in the systolic phase. The difference in the stenotic coronary vessel diameter between systolic and diastolic phase was 52%. C. Invasive coronary angiography shows diffuse, severe stenosis (70%) at the proximal LCX. CCTA is typically performed in mid to late diastole (6, 11) . Because the diastolic phase is relatively long in patients with low heart rates, we usually select the diastolic phase for image reconstruction in such cases. However, the diastolic phase dramatically shortens with increasing heart rates, and even ceases to exist at heart rates > 80 bpm. In contrast to the duration of diastole, the duration of systole is less affected by changes in heart rate (11), thus explaining why image quality in systolic reconstructions did not deteriorate as much with increasing heart rate as observed in diastolic reconstructions. The transition of the optimal reconstruction interval from the diastole to systole in this study was around 80 bpm, a finding that is supported by an early report by Johnson et al. (1) on DSCT of the coronary arteries. In our study, the diagnostic accuracy of the stenotic coronary artery was always lower in the systolic phase than the diastolic phase. Hence, although we could obtain the best image of the stenotic coronary artery in the systolic phase, this might not provide the best diagnostic accuracy.
Generally, stenosis less than 50% are revascularized only in the presence of clinical symptoms, whereas stenosis greater than 70% are typically treated, even in the absence of symptoms (12) . To understand the change in stenotic vessel diameter between the systolic and diastolic phase on CCTA, it is sometimes helpful to determine the severity of coronary artery stenosis based on ICA. ICA is the standard for the analysis of the severity of coronary artery stenosis in the diastolic phase. In clinical practice, when we obtain a best image in the systolic phase, we should compare the severity of coronary artery stenosis in the systolic phase on CCTA with the diastolic phase on ICA. In our study, the mean difference in stenotic coronary vessel diameter between systolic and diastolic phase was on average 12%, although this varied according to Agatston score. Herzog et al. (12) reported that marked calcifications did not necessarily compromise image quality but were causes of overestimation of moderate stenosis in the diastolic phase, hence the specificity decreased. Consequently, because stenotic coronary vessels with marked calcification in the systolic phase could be overestimated based on ICA, radiologists and cardiologists should be cautious when diagnosing significant stenosis in such vessels.
A limitation of our study was the small number of patients (n = 27) included who had stenotic coronary vessels. Accordingly, a further study with a large number of patients is needed. In nary artery stenosis accurately and which significantly reduce the sensitivity and specificity of CCTA using DSCT (4, 10).
Meng et al. (10) reported that on a per-artery basis of CCTA for coronary artery stenosis in diastolic phase, a specificity of 99%, PPV of 96%, and accuracy of 98% was achieved in the low calcium group, and reduced to 79%, 69%, and 85%, respectively in the high calcium group. In our study, we found that the mean difference in the stenotic coronary artery diameter between systole and end-diastole was 8.3% for an Agatston score < 100, but increased approximately three-fold when the mean Agatston score was > 400. According to these results, we expect that the diagnostic accuracy of coronary artery stenosis could be possible with the best image in the systolic phase if the Agatston score is less than 100, because the mean difference in the stenotic coronary artery diameter between end-diastole and systole is low. However, if the Agatston score is > 400, on the basis of our study, we suggest that coronary artery stenosis in the systolic phase could be overestimated compared with the diastolic phase.
Many studies have reported the technical capacity of DSCT to provide diagnostic quality images of coronary arteries in patients regardless of heart rate (1-4). Image reconstruction in addition, although we measured the stenotic coronary vessel diameter in the systolic and diastolic phases on CCTA, we measured the stenotic coronary vessel diameter only in the end-diastolic phase on ICA. We recommend an additional study in which the change in stenotic coronary vessel diameter in the systolic and diastolic phase on CCTA and ICA will be measured simultaneously to obtain the standard reference for systolic phase on CCTA. Patients with irregular heart rates were excluded, especially on atrial fibrillation or premature ventricular contraction because image quality is related to heart rate variability.
In conclusion, the calcium burden in stenotic coronary vessels might markedly affect the change in vessel diameter according to the cardiac cycle. In particular, stenotic coronary vessels with a high calcium burden in the systolic phase could lead to the overestimation of the severity of coronary artery stenosis based on ICA. Therefore, a radiologist should be cautious when interpreting the severity of coronary artery stenosis on CCTA when they obtain the best image of the coronary artery in the systolic phase only along with a high Agatston score.
